Abstract. The primitively social bumblebee Bombus terrestris is an ecological model species as well as an important agricultural pollinator. As part of the ongoing development of genomic resources for this model organism, we have constructed a publicly available bacterial artificial chromosome (BAC) library from males of a field-derived colony. We have shown that this library has a high coverage, which allows any particular sequence to be retrieved from at least one clone with a probability of 99.7 %. We have further demonstrated the librarys usefulness by successfully screening it with probes derived both from previously described B. terrestris genes and candidate genes from another bumblebee species and the honeybee. This library will facilitate genomic studies in B. terrestris and will allow for novel comparative studies in the social Hymenoptera.
Introduction
Many species of social insects are not only commercially important but have become model species for a wide range of basic questions such as social evolution, caste determination, sex ratio strategies, foraging behaviour, social parasitism, ecological physiology, sensory ecology, evolutionary parasitology, ecological immunology, as well as pollination and community ecology. Bumblebees have served as subjects of study in all of these aspects (e.g. Goulson, 2003) . Indeed, only the honeybee appears to rival the breadth of research done on this group. Despite the significant contributions that social insects have made, the genomic resources -so common and well developed for many other groups of insects or vertebrates -are quite limited. With a few exceptions (Hoffman and Goodisman, 2007; Wang et al., 2007) , important genomic resources (genome sequence, libraries of genomic DNA and expressed sequences) are available only for the honeybee. Here, we report on a substantial genomic resource for a social insect outside the honeybee -a highcoverage bacterial artificial chromosome (BAC) library of genomic DNA for the bumblebee Bombus terrestris L.
B. terrestris is a common European bumblebee species that is of importance as an ecological and evolutionary model organism (Goulson, 2003) . The genomic tools promise to open up new avenues of research for ecological study organisms such as the bumblebee. For example, the evolution of sociality and caste determination is a research topic that has recently benefited from the application of genomic tools. Pereboom et al. (2005) have identified genes that are differentially expressed in the development of queens and workers. This allows for comparative studies of caste determination on a detailed molecular level. Much recent research on bumblebees has focused on ecological immunity (Sadd and SchmidHempel, 2006 ) and host-parasite interactions (i.e. Baer and Schmid-Hempel, 2001; Ruiz-Gonzalez and Brown, 2006) . This research has been complemented by quantitative genetic studies identifying quantitative trait loci (QTL) explaining a part of the phenotypic variation of fitness-relevant traits such as the strength of innate immune mechanisms (Wilfert et al., 2007b) and susceptibility to a protozoan parasite (Wilfert et al., 2007a) . Such tools raise the opportunity to study the maintenance of genetic variation for fitness-relevant traits involved in host-parasite interactions in natural populations ). To comprehensively test such hypotheses by studying the molecular signature of evolution, we need to identify the genes underlying the quantitative variation in host resistance.
Identifying single genes in turn requires access to the physical genome. The genetic map used to identify QTLs, by contrast, is based on recombination distances. In B. terrestris, one centimorgan of genetic distance represents an average of 226 Kb of the physical genome (Wilfert et al., 2006) . To integrate these two approaches, large-insert libraries such as bacterial artificial chromosome (BAC) libraries are extremely valuable tools because they allow the physical mapping of genes based on information from genetic linkage maps, expressed sequences or heterologous candidate genes. As previous studies have shown, this joint approach is very successful. For example, the gene underlying the sex determination locus has been isolated with the help of a BAC-library in the honeybee Beye et al., 2003) . In order to facilitate the identification and cloning of genes, and to eventually facilitate physical mapping and genome assembly, we have here constructed a high coverage BAC-library of B. terrestris as one of the first such tools outside of Apis.
Materials and methods
High-molecular weight DNA from fresh haploid male pupae was prepared following a procedure adapted for honeybees . DNA was partially digested with the restriction enzyme HindIII. Size selection was performed on the fragments via two consecutive rounds of pulse field electrophoresis (PFGE). Fragments were then ligated into the vector pIndigoBAC 536 (Peterson et al., 2000) . Vectors were transformed into E. coli DH10B cells using electroporation. Recombinant colonies were picked using a Genetix Q-bot and stored individually in 384 well plates at -808 C. Additionally high-density colony filters for hybridization-based screening of the BAC library were prepared using a Genetix Q-Bot. Clones were arrayed in double spots using a 4 x 4 array with 6 fields, on 11.5 x 22.5 cm -Hybond N+ filters (Amersham). This pattern allows 18,432 clones to be represented per filter. Colony filters were grown and processed using standard techniques for alkaline lysis (Sambrook et al., 1989) .
Library screening
To screen the library, we developed PCR products from three B. terrestrisspecific sequences (Arginine Kinase, Elongation Factor 1 Alpha and Longwave-Rhodopsin), one from a sequence from B. ignitus (Defensin) and two from Apis mellifera genes (Relish and Dscam) and used them as probes for hybridization. Primers and accession numbers of these genes are detailed in Table 1 . The PCR products obtained were 200 -400 bp in length; approximately 100 ng of product were labeled independently using 30uCi of alpha-P32-dCTP following manufacturers instructions with the DECAprime II random priming DNA labeling kit (Ambion, Inc. ABI, Foster City, CA, USA). Hybridization of colony filters was performed using standard techniques (Sambrook et al., 1989) with the following modifications: hybridizations were performed for at least 16 h at 608 C (with B. terrestris probes) and 558 C (for heterologous probes); filters were washed twice at corresponding temperatures (30 min per wash) in a 2X SSC/0.1% SDS solution first, and in a 1X SSC/0.1% SDS solution the second time. Hybridized BAC-filters were imaged in a Storm Scanner (GE Healthcare, Piscataway, NJ, USA) and positive hits were scored with HybSweeper (Lazo et al., 2005) .
BAC-DNA preparation and fingerprinting analyses
Positive clones were fingerprinted using techniques established by Chen et al. (2002) and Marra et al. (1997) . Briefly, DNA from BAC clones was prepared from 900 mL cultures of Terrific Broth (GIBCO)-Chloramphenicol (12.5 ug/uL) in 96-well format, inoculated with 1.5 mL of BAC freezer stocks. After 18 h, cultures were treated with a modified alkaline lysis method. Samples for fingerprinting were digested with the restriction endonuclease HindIII, electrophoresed on 1 % agarose gels for 15 h at 60 V, and stained with Sybr Gold (Invitrogen) for 1 h. Gels were imaged in a Storm Scanner (GE Healthcare, Piscataway, NJ, USA). Fingerprinting data were scored using Image3 software (v.3.10, www.sanger.ac.uk/software/Image/).
To determine average insert size of the library, 192 clones were randomly selected from the library, DNA was digested using the endonuclease NotI (NEB, Ipswich, MA, US) and analyzed by PFGE. 
Results
The bumblebee BAC library consists of 36864 clones. The average insert size (n = 186) was 102.9 AE 28.5 Kb (see Fig. 1 ) with a range of 40 -220 Kb. PFGE analysis revealed that the library contains 3.1 % empty clones (6 of 192 clones assayed for insert size). The bumblebee genome has been estimated as being 625 Mb in size (Wilfert et al., 2006) . The library thus has an expected coverage of 6x genome equivalents, allowing any one particular B. terrestris sequence to be recovered with a probability of 99.7 % from at least one clone. B. terrestris is a model organism for the evolution of the innate immune system. We therefore screened the BAC library with probes derived from candidate genes involved in antimicrobial defense pathways (NF-kB-like transcription factor Relish, Defensin) and in parasite recognition / phagocytosis (Dscam). As a positive control, we screened for genes that had previously been used to infer the phylogeny of the genus Bombus (Kawakita et al., 2004 ) (Long-wave Rhodopsin, Arginine Kinase, and Elongation Factor 1 alpha). An average of 27.5 AE 13.3 positive clones for each of six gene probes was retrieved, indicating a high redundancy of the library (Table 1) .
The BAC clones identified by hybridization are expected to contain some false positives. To obtain the clones most likely to contain the genes of interest, positive BAC clones were fingerprinted with HindIII and then assembled into contigs using the Fingerprinted Contigs software (FPC (Soderlund et al., 2000) ) at high stringency (using a tolerance value of 7 and a minimum cutoff value of 1e-10). This analysis allowed us to anchor genetic markers of the six genes analyzed here onto corresponding physical regions of the genome, represented by BAC clones. Markers generated from Dscam, Defensin, LongWave Rhodopsin and Elongation Factor 1 alpha were represented in four separate contigs containing 22, 8, 10 and 6 BAC clones respectively; the markers generated for Arginine kinase and Relish identified 9 and 8 clones respectively, which were represented in a single contig containing 17 BAC clones. These results provide supporting evidence for the quality of the library and constitute a first step in describing the location of these genes on the B. terrestris genome.
The FPC analysis allowed us to drastically reduce the number of candidate clones that will become targets for sequencing, i.e. from 52 clones identified in the hybridization screen to 9 clones for Arginine Kinase. A common cause of high numbers of false positives in hybridization screens is the use of degenerate primers, which leads to some degree of unspecific binding, to obtain clones containing candidate genes known only in related species. We have used this approach to identify candidate BAC clones for the isolation of immune genes in B. terrestris based on sequence information from the honeybee A. mellifera. Additionally, several of the genes we screened for -Arginine Kinase, Defensin and Elongation Factor 1 alpha -are known to be double copy genes in A. mellifera (Consortium, 2006) and Nasonia vitripennis (Genome Assembly 1.0, personal communication; Stephen Richards, Human Genome Sequencing Center, Baylor College of Medicine), this may also inflate the number of positive clones. FPC analysis is a powerful tool to deal with these issues common in genomic studies of nonmodel organisms: only those clones sharing statistically significant similar band patterns will become candidate clones for further analysis.
Based on the average insert size and the number of BAC clones generated, we have estimated a 6x coverage of the bumblebee genome. The mean number of positive clones after FPC analysis for the genes used in this screen indicates an average 10x coverage. This discrepancy can be explained by over-and underrepresentation of certain regions of the genome. Such biases in genome coverage include the use of a single enzyme, a partial restriction digestion of genomic DNA, and the unavailability of certain regions of genomes such as centromeres, highly repetitive sequences and telomeres, due to their lack of recognition sites for common restriction enzymes (Mahtani and Willard., 1998; Chew et al., 2002; Yuan et al., 2008) . With an average 10x coverage of coding sequences, this library is likely to prove a valuable tool in the genomic analysis of B. terrestris and related social Hymenoptera.
Discussion
We here describe the construction and characterization of a BAC-library for the bumblebee Bombus terrestris. This high-quality library may serve as an important resource for genomic studies of bumblebees, such as gene isolation and genome mapping. We have screened the BAC library with several probes, demonstrating the librarys usefulness as a genomic tool for B. terrestris. We could retrieve not only clones positive for already described sequences specific to described B. terrestris genes (Long-wave Rhodopsin, Arginine Kinase, and Elongation Factor 1 alpha (Kawakita et al., 2004) ) but also for probes derived from another species from the genus Bombus (Defensin from B. ignitus) and from the distantly related honeybee A. mellifera (Dscam (Graveley et al., 2004) and Relish).
Comparative research into the social Hymenoptera stands to gain much by combining information from the sequenced genome of the honeybee and genomic information from related species (The Honeybee Genome Consortium, 2006) . Understanding the genetics of sex determination in the haplo-diploid Hymenoptera may prove to be a case in point. In the social Hymenoptera, sex is determined by a single complementary locus that triggers male development in hemizygous and homozygous embryos (Cook and Crozier, 1995) , while other mechanisms are used in many families of the Hymeno-A C H T U N G T R E N N U N G ptera (Heimpel and de Boer, 2008) . In honeybees, the genetics of complementary sex determination (CSD) was first investigated using linkage mapping (Hunt and Page, 1994) . To identify the responsible gene, the identified genetic region was fine-mapped (Hasselmann et al., 2001) . With the help of a honeybee BAC library, the csd gene was then identified and demonstrated to be functional (Beye et al., 2003) . Similarly, the sex determination locus in B. terrestris has been genetically mapped to an approximate location (Gadau et al., 2001) . Using information from the honeybee and the BAC library we here describe, it will be possible to rapidly investigate the molecular and genetic nature of sex determination in bumblebees. This BAC library thus is not only a valuable tool for investigating the bumblebee genome, but vastly increases the potential for informative comparative studies in the social Hymenoptera.
B. terrestris BAC resources (library and high density filters) may be ordered from the Clemson University Genomics Institute (http://www.genome.clemson.edu/). The use of this BAC library should make reference to this paper. To maximize the information gained from this resource, a data repository for the BAC library is managed by R. Schmid-Hempel, ETH Zürich (rsh@en-v.ethz.ch). Insect. Soc. Vol. 56, 2009 Research article 47
